A kinetic model is developed to elucidate the nucleation rate of oxide islands during the initial stages of oxidation of metals. Our theoretical analysis shows that the nucleation of oxide islands requires a critical oxygen pressure below which the nucleation rate is practically equal to zero and increases dramatically beyond it. The kinetic model shows that this critical oxygen pressure is many orders of magnitude larger than the equilibrium oxygen pressure predicted from the bulk thermodynamics. Comparison between the kinetic model and experimental data is made over a wide range of oxidation temperature.
I. INTRODUCTION
The oxidation of metals plays a critical role in many important technological processes, such as corrosion, chemical catalysis, fuel reactions, and thin-film processing. The general reaction sequence of the oxidation on a clean metal surface is thought to proceed as oxygen surface chemisorption, oxide nucleation and growth, and then bulk oxide growth. Much is known about the oxygen surface chemisorption ͑ad-sorption of up to ϳ1 monolayer ͑ML͒ of oxygen͒, and particularly, the atomic structure of the chemisorbed phases on metal surfaces, as derived from surface-science studies under ultrahigh-vacuum ͑UHV͒ environments. In contrast, the growth of bulk oxides during both low-and hightemperature oxidation occurs usually under oxygen pressures much higher than those of the UHV conditions. Therefore, there is a wide gap between our present atomic-scale knowledge derived from conventional UHV experiments and the oxidation mechanisms obtained from the growth of bulk oxide thin films under high oxygen-pressure environments.
Despite the large pressure gap, a few experiments have in recent years significantly improved our atomic understanding of the initial oxidation of metal surfaces. [1] [2] [3] [4] An intriguing phenomenon revealed from these studies is the existence of a kinetic hindrance to the oxide formation. Using in situ x-ray diffraction, Lundgren et al. monitored the oxidation processes of Pd͑001͒ from oxygen surface chemisorption to the growth of PdO phase and found that the formation of PdO requires a surprising significantly larger oxygen pressure than that predicted by first-principles atomistic thermodynamics. 1 Similarly, the Cu-Cu 2 O phase diagram determined by Eastman and co-workers using synchrotron x-ray scattering revealed a striking difference in behavior compared to the bulk phase diagram during the initial oxidation of Cu͑001͒, with the Cu-Cu 2 O phase boundary shifted several orders of magnitude upward in oxygen pressure for the formation of Cu 2 O islands. 2 Their observation is also consistent with the study by Lyubinetsky et al., who noted that the molecular beam epitaxy growth of single-phase Cu 2 O nanoclusters could only be accomplished at many orders of magnitude larger oxygen pressure than the bulk Cu-Cu 2 O phase boundary. 4 Lahtonen et al. 3 reported more recently a study using combined in situ x-ray photoelectron spectroscopy and UHV scanning tunneling microscopy ͑STM͒ techniques to monitor the surface chemistry and the surface structure during the initial oxidation of a Cu͑001͒ surface at 100°C over a wide range of oxygen exposures and oxygen pressures ͑p O 2 ͒. Figure 1 is derived from their work, in the low-pressure regime of p O 2 = 6.0ϫ 10 −7 Torr ͓Fig. 1͑a͔͒, the initial oxidation rate ͑in terms of the rate of oxygen uptake͒ is high until the oxygen coverage reaches 0.3 ML, which signals the onset of the ͑2 ͱ 2 ϫ ͱ 2͒R45°-O missing-row reconstruction induced by oxygen surface chemisorption, and then saturates at 0.5 ML corresponding to the formation of a nearly complete layer of the missing-row structure on the metal surface. This missing-row structure was found quite stable and highly inert toward further oxidation even after an increase in several orders of magnitude both in oxygen exposure and oxygen pressure. The oxygen uptake was observed to take place again on the same surface only after the oxygen pressure was further raised by five orders of magnitude, as shown in Fig.  1͑b͒ , where the oxygen pressure was at 2.8ϫ 10 −2 Torr. This increase in oxygen uptake corresponds to the onset of the nucleation of Cu 2 O-like three-dimensional ͑3D͒ islands on the reconstructed Cu͑001͒ surface, as shown by the inset STM image in Fig. 1͑b͒ . 3 The required significantly large oxygen pressure for the oxide formation is unexpected from the thermodynamics point of view. According to the well-known theoretical model by King and coworkers, 5-9 the transition from a chemisorbed oxygen layer to the initial appearance of an oxide phase is controlled thermodynamically, i.e., the oxide growth should set in immediately as soon as it is thermodynamically possible. 1 Lundgren et al. attributed the high p O 2 needed for the oxide formation to the oxygen-chemisorbed surface layer that creates a kinetic hindrance by impeding massive surface restructuring. 1 However, in situ STM images by Lahtonen et al. ͓as shown in the inset in Fig. 1͑b͔͒ show that the ͑2 ͱ 2 ϫ ͱ 2͒R45°-O missing-row structure remains quite stable during the nucleation of oxide islands under the high p O 2 , including the reconstructed surface regions adjacent to Cu 2 O islands, suggesting that the oxide nucleation only involves very localized regions of the metal substrate and such a process does not require massive restructuring of the metal surface. This is also consistent with the in situ x-ray results by Eastman et al., which demonstrate that the intensity of the diffraction peak associated with the oxygenchemisorbed surface layer remains unchanged with the gradual appearance of Cu 2 O diffraction peaks due to the nucleation of Cu 2 O islands during the oxidation of a Cu͑001͒ surface. 2 So the question is what causes the kinetic hindrance to the oxide formation if the massive surface reconstructing is not the case. Correct answer to this question is not only very important for proper interpretation of experimental results but also crucial for manipulating early-stage oxidation processes for many practical applications such as highpressure oxidation catalysis and controlled growth of oxide nanostructures. In the present work, we address this issue by modeling the kinetic factors of oxide nucleation processes, which reveals that this kinetic hindrance can be simply related to the oxide nucleation rate that is negligibly small until the oxygen pressure reaches a critical value at which the nucleation rate suddenly and dramatically increases.
II. KINETICS OF HETEROGENEOUS NUCLEATION OF OXIDE ISLANDS
The kinetic model to be developed is based on the assumption of heterogeneous nucleation of 3D oxide islands on a metal surface, as observed experimentally in many metal and alloy systems such as Cu, 2, 3, [10] [11] [12] [13] [14] Pd, 15, 16 Ni, 15, 17, 18 Fe, 19 Cu-Au, 20, 21 Cu-Ni, 22, 23 and Co-Ni. 24 A general and simple picture of 3D nucleation of oxide islands during the oxidation of metals can be described as follows. 10, 12, 14, 17, [24] [25] [26] Oxygen-gas molecules impinge on the metal surface and dissociate. Dissociated O atoms diffuse over the metal surface and form a chemisorbed layer. Further coming oxygen may react with underlying substrate atoms to form oxide nuclei or be lost to reevaporation. The kinetics of oxide nucleation depends on the surface diffusivity of oxygen atoms as well as the nucleation barrier, which can be determined by the change in Gibbs free energy ⌬G associated with the formation of an oxide embryo. Because the oxide nucleation requires reaction between oxygen atoms and the underlying substrate atoms, this causes oxide nuclei embedding into the metal substrate, as shown schematically in Fig. 2 , where 1 and 2 are the contact angles of the double cap-shaped oxide island with the metal substrate, and NO , NS , and SO are the interface energies for the interfaces between the nucleus and oxygen gas, nucleus and substrate, and substrate and oxygen gas, respectively. To catch these interfacial reaction effects, we introduce a recently developed thermodynamic model. 27 According to this model, the nucleation barrier for the formation of critical oxide embryo is given by 1 , and the bottom cap has radius of R 2 and contact angle 2 . NO , NS , and SO represent the energies of the interfaces between the nucleus and oxygen gas, nucleus and substrate, and substrate and oxygen gas, respectively.
where g v is the free-energy change associated with oxidation of the metal. h͑ 1 , 2 ͒ is defined as the interfacial correlation function that governs the influence of surface reaction on the critical nucleation barrier in which ␥ = V ox / V m is called the Pilling-Bedworth ratio, 28 where V m and V ox are the molar volume of the metal and the oxide, respectively; the interfacial contact angles 1 and 2 are related by the energy equilibrium condition NO cos 1 + NS cos 2 − SO = 0 and f͑͒ = ͑2+cos ͒͑1−cos ͒ 2 4
is the geometrical factor for a plane surface. [29] [30] [31] [32] The kinetics of oxide nucleation is virtually characterized by the nucleation rate, which is defined as the number of stable nuclei created per area time. Oxygen molecules arriving from the vapor phase dissociate and migrate on the metal surface and then react with substrate atoms to produce oxide clusters of different sizes thus giving rise to critical nuclei. The number of nuclei formed in a fixed interval of time is a random quantity and is subject to statistical laws. The average values, however, can be calculated by the kinetic theory of nucleation. In nucleation, only islands of a size greater than a critical value will be stable and to grow, islands of this size are called critical nuclei. In classic nucleation theory, the rate of forming critical nuclei is considered to result from a two-step process, ͑i͒ the formation of a near equilibrium concentration, N ‫ء‬ , of critical nuclei and ͑ii͒ the impingement rate of adatoms, ‫ء‬ , upon these critical nuclei, which causes them to grow. Thus the nucleation rate, J, can be expressed as
where N ‫ء‬ is density of critical nuclei, ‫ء‬ is flux of attachment of adatoms to a critical nucleus, and ⌫ is called the Zeldovich factor.
The impingement of atoms onto a growing nucleus may occur by surface diffusion of adatoms to the nucleus periphery. The flux of oxygen toward the critical nucleus along the substrate surface can be calculated by
where l ‫ء‬ is the periphery of the nucleus on the substrate surface, D s the oxygen atom jump rate, s the oxygen sticking coefficient, F the oxygen adsorption flux, the oxygen residence time, and a 0 the distance of a diffusion jump. The periphery of the critical nucleus, assuming a semispherical shape as shown in Fig. 2 kT ͒, where a 0 is the distance of a diffusion jump, v ʈ the vibration frequency of oxygen atoms in a direction parallel to the surface plane; E sd the activation energy for O surface diffusion, k the Boltzmann's constant, and T the oxidation temperature. The oxygen adsorption flux F can be calculated from the kinetic gas theory and is equal to
, where p O 2 is the oxygen gas pressure and m is the mass of an oxygen molecule. The residence time is equal to
kT ͒, where v Ќ is the atom vibration frequency of oxygen atoms in the direction normal to the surface plane and E des denotes the activation energy for desorption. Assuming v Ќ Ϸ v ʈ Ϸ v for the frequency of attachment of oxygen atoms to the oxide nucleus, 33 one obtains
The equilibrium density N ‫ء‬ of critical nuclei depends on the nucleation barrier and the density of surface sites available for nucleation. It can be calculated by
where ⌬G ‫ء‬ is the free energy of formation of a critical oxide embryo and is given in Eq. ͑1͒, N s is the concentration of O atoms at the surface and is the product of the adsorption flux F and the mean residence time ,
ͪ.
͑7͒
Because adsorbed oxygen atoms are localized at the metal surface, N s must be replaced by the number of available adsorption sites in order to account for the configurational entropy that arises from the number of ways of arranging islands on the sites, i.e., there is a statistical contribution ⌬G conf to the work of the formation of oxide nuclei, which is independent of the nucleus size and accounts for the nucleus distribution and the single oxygen atoms among the available adsorption sites of density. Assuming the density of oxide islands is negligible compared with the concentration of adsorbed oxygen atoms, this energy contribution is
where N 0 is the density of available adsorption sites. As a result, the O concentration N s is replaced by the density of the adsorption sites N 0 . According to the steady rate of nucleation, the Zeldovich factor ⌫ describes the deviation of the system from the equilibrium state and is directly proportional to the square of the supersaturation for the nucleation process. The steady-state distribution of islands may deviate perceptibly from the equilibrium one, N ‫ء‬ , in the vicinity of the critical size of the islands. Therefore, the Zeldovich factor is to correct for the fact that some islands that have reached the critical size still decay to smaller sizes. For a cap-shaped nucleus, ⌫ can be calculated by
where g v is the free-energy change for the oxidation, ⍀ is the volume of oxygen atoms in the oxide phase, and f͑ 1 ͒ is the geometrical factor. For the oxidation of a metal M + = MO, the free-energy change per growth unit, g v , can be written as 
͑13͒
where hЈ͑ 1 , 2 ͒, like h͑ 1 , 2 ͒, is also a function of the "contact angles" 1 and 2 .
III. DISCUSSION
We have shown in the previous section that the nucleation rate J is controlled by the supersaturation, i.e., the ratio of
e , where p O 2 e can be obtained from bulk thermodynamics of the metal-oxide phase equilibria. To compare with experimental results, we will examine the nucleation kinetics as a function of the supersaturation at different oxidation temperatures. The phenomenon of kinetic hindrance in the initial oxide formation process has hitherto barely addressed, and quantitative experimental data on the nucleation kinetics is even fewer. Cu is one of the few metal systems which have been studied experimentally and quantitative nucleation data can be available in the literature. Therefore, our comparison between the theoretical model and experiments will be made for the oxidation of Cu, i.e., 2Cu+ c denotes the critical oxygen pressure required for appreciable rate of oxide nucleation. The existence of such a critical supersaturation leads to the conclusion that nucleation of oxide islands will be experimentally observed only when p O 2 Ͼ p O 2 c . In the opposite case, the oxygen gas and the metal will be in a metastable state, i.e., due to kinetic reasons no oxide nucleation will take place for the time of the experiment. The onset of nucleation and growth processes can be identified from an experimental point of view by the observation of a sufficiently large number of newly formed oxide nuclei on the metal surface. Therefore, the experimentally determined critical supsaturation
is related to the detection limit of the instrument employed in measuring the nucleation rate. Synchrotron x-ray surface scattering is very sensitive to island formation on the surface over large surface area 39 and has therefore been employed to determine the phase boundary between the metal and oxide phase during the oxidation of metals. for the oxidation at this temperature is ϳ2.8 ϫ 10
13 , as marked in Fig. 3 . We then examine the effect of the interfacial functions h͑ 1 , 2 ͒ and hЈ͑ 1 , 2 ͒ on the critical supersaturation of oxygen pressure. The interfacial functions govern the influence of the gas-surface reaction on the oxide nucleation via the contact angle 2 . The plot in Fig. 4 is obtained using Eq. ͑11͒
and depicts the dependence of the critical supersaturation increases with increasing the contact angle. 2 = 0 corresponds to the situation where the oxide nuclei do not embed into the Cu substrate, which is possible if the oxide nucleation is via collisions of Cu and O atoms by surface diffusion, i.e., the formation of two-dimensional ͑2D͒ oxide nuclei. Although this 2D mechanism ͑i.e., 2 =0͒ requires a
e , the probability of forming oxide embryos via collisions of Cu and O atoms is small due to the large difference in the surface mobility of Cu and O atoms. This is because Cu atoms have to break neighboring bonds before they can move freely on the surface while impinging oxygen is highly mobile before they form chemical bonding with the substrate. Therefore, the oxide nucleation is dominated by the 3D nucleation mechanism where oxygen atoms diffuse over the substrate and react with underlying metal atoms. Thus, oxide nuclei embed into the substrate and 2 Ͼ 0. This 3D nucleation mechanism is consistent with previous experimental results. 12, 26, [40] [41] [42] It can be noted in Fig. 4 that the variation in 2 from 0°to 5°causes no significant changes in the critical supersaturation ͑less than an order of magnitude͒. Due to their small sizes, oxide nuclei only slightly embed into the substrate, the use of a small contact angle ͑ 2 Ͻ 5°͒ would be a good approximation in the calculation.
Using 34, 35 The limit of the metastability of oxygen gas with Cu as determined from our kinetic model reveals a striking difference in behavior compared to the bulk phase diagram, with the many orders of magnitude upward in oxygen pressure for oxide nucleation, particularly at lower temperatures, and exhibiting weak temperature dependence, which is also in good agreement with these reported experimental data, as shown in Fig.  5 .
Two prominent features can be noted from Fig. 5 term, the nucleation rate J is less sensitive to the oxidation temperature than the oxygen pressure under the required supersaturation in oxygen pressure͒.
IV. CONCLUSION
In summary, aiming at understanding the phenomenon of kinetic hindrance to the oxide formation during the initial stages of oxidation of metals, we proposed a kinetic model to describe the nucleation of oxide islands. Our results show that the nucleation of oxide islands requires a critical oxygen pressure, p O 2 c , below which the nucleation rate is practically equal to zero and increases substantially beyond it. This critical oxygen partial pressure shows very little temperature dependence and is many orders of magnitude higher than the equilibrium partial pressure predicted from the bulk thermodynamics. The theoretical results provide good agreement with reported experimental data obtained over a large range of oxidation temperature. We expect that the insights obtained from this study have broader implications in understanding and manipulating transient oxidation of metals, where oxide islanding generally occurs but the information on the fundamental processes is still very limited. Such a kinetic hindrance in the initial oxidation could be also crucial for understanding high-pressure applications such as oxidation and reduction reactions under ambient working atmosphere in heterogeneous catalysis.
